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Transmembrane adhesion receptors at the cell surface, such as CD44, are often equipped with 39 modules to interact with the extracellular-matrix(ECM) and the intra-cellular cytoskeletal 40 machinery. CD44 has been recently shown to compartmentalize the membrane into domains by 41 acting as membrane pickets, facilitating the function of signaling receptors. While spatial 42 organization and diffusion studies of membrane proteins are usually conducted separately, here 43
we combine observations of organization and diffusion by using high spatio-temporal resolution 44
imaging on living cells to reveal a hierarchical organization of CD44. CD44 is present in a meso-45 scale meshwork pattern where it exhibits enhanced confinement and is enriched in nano-clusters 46 of CD44 along its boundaries. This nanoclustering is orchestrated by the underlying cortical actin 47 dynamics. Interaction with actin is mediated by specific segments of the intracellular-48 domain(ICD). This influences the organization of the protein at the nano-scale, generating a 49 selective requirement for formin over Arp2/3-based actin-nucleation machinery. The 50 extracellular-domain(ECD) and its interaction with elements of ECM do not influence the meso-51 scale organization, but may serve to reposition the meshwork with respect to the ECM. Taken 52 together, our results capture the hierarchical nature of CD44 organization at the cell surface, with 53 active cytoskeleton-templated nano-clusters localized to a meso-scale meshwork pattern. 54
Introduction 62
Heterogeneity in the distribution of membrane proteins and lipids is becoming an increasingly 63 appreciated paradigm in the context of the organization of molecules at the plasma membrane 64 (Sezgin et al., 2017) . This regulated, non-random distribution of membrane proteins such as 65 signaling receptors, is implicated in their molecular function and signaling output (Garcia-parajo 66 et al., 2014). The advent of super-resolution microscopy and breakthroughs in single molecule 67 techniques has revolutionized our understanding of cellular organization at the molecular level 68 (Klotzsch et al., 2013; Kusumi et al., 2005 ; van Zanten & Mayor, 2016). The major goal from 69 such techniques has traditionally been to obtain detailed descriptions of protein clustering, 70
cluster sizes or inter-molecular distances. However, these super-resolution techniques are often 71 technically demanding and associated invasive sample preparation methods are fraught with 72 criticism for being non-physiological. Additionally, although such studies of membrane 73 constituents inform us on the organizational details at the molecular level, there have been fewer 74 efforts to understand the organization and dynamics of proteins at larger spatial scales, to 75 ascertain whether there exists any spatial hierarchy in membrane protein organization. 76
Studies of the membrane organization of many transmembrane receptors such as TCRs, EGFR, behavior of membrane proteins such as transferrin receptors (Kusumi and Sako, 1996) or CD44 83 (Freeman et al., 2018) have revealed the presence of compartments in the cell membrane at a 84 larger length scale (~ few hundred nanometers), templated by the underlying cytoskeletal 85 meshwork. The potential hierarchy in the nature of organization of membrane proteins has been 86 speculated in the past based on evidences from clustering and diffusion studies of different 87 proteins (Kusumi et al., 2011) . It is likely that a unified study of diffusion and organization 88
interrogating the distribution of a particular membrane protein at different spatial scales will 89 provide information of any underlying hierarchy in spatial scales of organization. 90
Type-1 trans-membrane proteins are a major and abundant class of integral membrane proteins 91 that span three distinct environments, the extracellular space, transmembrane and cytoplasmic 92 milieu. The lymphocyte homing receptor CD44, is a type I trans-membrane protein involved in 93 cell-matrix adhesion (Ponta et al., 2003) . It has a heavily glycosylated extracellular domain 94 (ECD) that ensures binding to extra-cellular lectins such as galectins, besides being able to bind 95 to its ligand hyaluronic acid (HA) as well as other components of the extra cellular matrix such 96 as fibronectin and osteopontin (Ponta et al., 2003; Senbanjo and Chellaiah, 2017) . Previous 97 studies have shown that the ECD of CD44 is clustered by Galectin-3 which in turn also binds 98 glycosphingolipids and is important for the endocytosis of the protein by a clathrin-independent 99 pathway (Howes et al., 2010; Lakshminarayan et al., 2014) . Additionally, HA binding has been 100 4 shown to influence the dynamics of the protein at the plasma membrane (Lakshminarayan et al., 101 2014; Freeman et al., 2018) . The juxta-membrane O-glycosylation site and the trans-membrane 102 region with two putative palmitoylation sites confer the ability on the protein to partition into 103 detergent resistant membrane fractions or cholesterol enriched domains on the plasma membrane 104 (Thankamony and Knudson, 2006; Shao et al., 2015) . 105
At the intracellular side, the relatively short 70 amino acids long cytoplasmic tail of CD44 106 interacts with multiple cytoskeletal adaptor proteins. The association of the protein with ezrin has 107 been shown to be important for T cell migration in interstitial spaces of endothelial cells (Mrass 108 et al., 2008) . The interaction with ezrin also influences the protein"s ability to act as membrane 109 picket in macrophages providing a functional partitioning of the FcγRIIA at the plasma 110 membrane and facilitating its phagocytic function in macrophages (Freeman et al., 2018) . 111 Ankyrin binding has been shown to be important for HA binding by CD44 (Bourguignon, 2008) . 112 A proteomic analysis of the interacting partners of the CD44 cytoplasmic tail has also revealed 113 an interaction with other cytoskeletal adaptors such as vinnexin, IQGAP1 and talin1 (Skandalis 114 et al., 2010) . The modularity of these potential cytoskeletal interactions in the tail of CD44 via its 115 multiple cytoskeletal adaptor binding sites opens up possibilities to study how they may 116
independently regulate organization and turn-over of the protein at the cell surface. 117
Thus, the diverse structural attributes of CD44 impart this receptor with the ability to be 118 influenced by extracellular interactions, membrane composition and the actin cytoskeleton. 119
Hence, it also provides an ideal platform to uncover general principles of how such molecules 120 are organized at varying length scales, determined by distinct modes of interaction in the 121 different milieu and also the interplay between these length scales. Nevertheless, studies so far 122
have not systematically investigated the role of the different structural domains of the protein in 123 the organization and dynamics of the liganded as well as the native un-liganded receptor on the 124 membrane, at multiple spatial scales. 125
In this study we have exploited various imaging methods in living cells to characterize the 126 organization of CD44 at the single molecule level over multiple spatiotemporal scales. were required for performing single particle tracking (SPT) in order to unambiguously 150 reconstruct all the individual receptor trajectories of diffusion. However, this approach under-151 samples the cell membrane and thus provides little information on membrane regions 152 dynamically explored by the receptor (Fig. 1c ). We thus increased the labeling density (~50-100  153 nM), to ensure higher sampling frequencies of the membrane protein and yet maintaining the 154 ability of detecting individual molecules in each single frame to determine their coordinates with 155 sub-pixel accuracy ( Fig. 1c") . 156
Time-lapse images were acquired at 10 frames per second (fps) for 1000 seconds and the spatial 157 coordinates of identified individual molecules over multiple frames were collapsed into a single 158 frame to obtain a time-dependent cartography of the regions dynamically explored by the 159 receptor as described in an earlier study . This density regime offers 160 the possibility of building up a large number of localizations to construct dynamic meso-scale 161 cartography of CD44 distribution over the entire cell membrane (Fig 1c" ). Remarkably, we found 162 that CD44 diffusion and distribution is largely inhomogeneous, describing a clear mesh-like 163 spatiotemporal distribution at the meso-scale (1c", zoomed-in). This mesh is defined by regions 164 frequently re-visited by the receptor and/or induced by its temporal arrest on the cell membrane. 165
This is in stark contrast with the distribution of simulated randomized localizations on the plasma 166 membrane ( Fig. 1d, 1d ") which appears homogeneous at the same length scale. Indeed, enlarged 167 regions of the cartography, from the same patch of the cell membrane, generated at two different 168 time windows, show the dynamic character of the mesh (Fig. 1e , 1e"), and importantly, reveal 169 sites of confinement/trapping of the receptor, evidenced by the large number of localizations 170 (>10 6 for Fig. 1c ") occurring within regions between ~90-200 nm in size ( Fig. S1b ). Moreover, 171 some of these regions have a long persistence time (~50-60 seconds, Fig. 1e , 1e" and merged 172 image in 1e""), indicating that the receptors could be stably confined in these regions and/or 173 transiently tether repeatedly to the same regions. Similar experiments conducted in cells which 174 exhibit very low surface levels of endogenous CD44 (COS-7 cells ( Fig. S1a, a") ) and the 175 6 extracellular ligand, HA (Knudson et al., 1993; Shyjan et al., 1996) (CHO cells ( Fig S1c) , also 176 yielded similar results. Together, these results indicate that CD44 is organized in a mesh-work 177 pattern on the plasma membrane and this distribution is independent of binding to its ligand HA 178 on the extra-cellular side or surface levels of endogenous proteins. 179
Since the experiments were conducted on the surface of the cell close to the coverslip, it is 180 conceivable that the observed meso-scale pattern visualized for CD44 is an artifact of the 181 patterning of the membrane due to its adhesion to the cell substrate. To rule this out, we imaged 182 mouse embryonic fibroblasts (MEFs) expressing SNAP-CD59-GPI, a GPI anchored protein, 183 unrelated to CD44. Analysis of the meso-scale map of SNAP-CD59-GPI also reveals a meso-184 scale meshwork pattern on the cell surface, indicating a compartmentalized state of the plasma 185 membrane ( Fig S1f) . To additionally rule out the possibility that over-expression of the chimeric 186 SNAP-tagged CD44 protein induces such a distribution, we investigated how endogenous CD44 187 is organized at the plasma membrane by labeling the protein using anti-CD44 antibody and 188
performing Stochastic Optical Reconstruction Microscopy (STORM) in fixed cells ( Fig S1d) . 189
Endogenous CD44 at non-adherent membrane of the lamella, away from the adhesion surface, 190 also revealed a meshwork-like pattern of the protein at the meso-scale. STORM revealed a nano-191 scale clustered distribution of CD44 laid out in a non-random mesoscale mesh-like pattern at the 192 cell membrane. Nearest neighbor distance analysis on CD44 clusters of multiple STORM images 193 further confirmed that the nano-clusters of CD44 are distributed in a manner distinct from 194 simulated randomized distribution of nano-clusters ( Fig S1e) . Therefore the meshwork like 195 pattern of CD44 reflects a hitherto unappreciated intrinsic organization of this protein in the 196 membrane of living cells. 197 In order to discriminate between single and/or multiple receptors being confined, as obtained in 198 the cartography, we then turned to dual color single particle tracking (DC-SPT), by using sub-199 saturation labeling conditions . For this, we labeled the SNAP-CD44-GFP 200 expressed in MEFs, using two different dyes (JF549-cpSNAP and JF646-SNAP ligands) and 201 tracked the motion of the receptor at 60 fps for 400 frames (6.7 sec) (Supp. Video1 and 2). 202
Localization maps created from superposing 400 frames of the DC-SPT images revealed typical 203 trajectories of Brownian diffusion interspersed with transiently confined trajectories of the single 204 color tracks ( Fig. S2a ). Analysis of >2500 trajectories reveal the existence of a large percentage 205 of transiently confined receptor (68.4±2.3%) on the cell membrane with majority of confinement 206 time restricted to ≤~3seconds (Table 1 and Fig S2b) . When we examined the DC-SPT data, we 207 observed a noticeable overlap of CD44 molecules (co-localized) that reside in confined regions 208 ( Fig. 1f : purple arrowheads indicate black dots in the map, and corresponding trajectories). To 209 quantify specific co-localization, we determined the occurrence of co-localized events as a 210 function of inter-particle distances within defined areas (depicted as radius on the X axis in Fig  211 S2c), and compared the results to those of diffusion from randomized trajectories (obtained from 212 180 degrees flipped images of the same regions). A random distribution is expected to have an 213
inter-particle distance distribution index equal to 1, with values greater and smaller indicating 214 7 clustering and dispersion respectively (Clark and Evans, 1954) . From the inter-particle distance 215 quantification, we defined co-localized particles, as those which exhibited inter-particle distances 216 (between two differently labeled SNAP-CD44-GFP molecules) less than 200 nm for 3 217 consecutive frames. We also observe a subset of these events to correspond to inter-particle 218 distance <100nm (a length scale more precisely matched with combined localization precision of 219 the fluorophores) (Fig 1f") . Interestingly, the length scale over which CD44 exhibits co-220 localization corresponds to the length scale over which it exhibits transient confinement as is 221 evident from analyzing the step size distribution (Fig. 1g ). We also quantified the co-localization 222 lifetime and find that individual co-localization event lasts for <100ms (Fig1h). Temporal 223 analysis of localization events revealed recurrence of co-localization events at the same spatial 224 co-ordinates over a period of 400 frames (0-6.7 seconds) ( Fig. 1i , color indicating time at which 225 co-localization occurred), indicating hotspots of trapping of same/different pairs of receptors. 226
These data thus indicate the existence of hotspots on the plasma-membrane that can both restrict 227 the diffusion of CD44 and recruit multiple CD44 molecules. Moreover, the cartography analysis, 228 STORM and DC-SPT data ( Fig. S1d and S1e, 1f) suggest the formation of CD44 clusters that 229 might be organized in a meso-scale meshwork on the plasma membrane. 230
The dynamic meso-scale meshwork of CD44 is composed of nanoclusters 231 STORM imaging of endogenous CD44 in CHO cells as described above, as well as an earlier 232 study (Lakshminarayan et al., 2014) , provide evidence for the existence of nanoscale clusters of 233 CD44 at the plasma membrane. Moreover, CD44 exhibits a high incidence of co-localizations 234 (<200nm) in DC-SPT as well as spatially confined localizations that emerge as a mesh-like 235 pattern in the cartography analysis. Together, these observations motivated us to investigate the 236 clustering interactions of CD44 at the nano-scale using homo FRET microscopy (Ghosh et al., 237 2012). 238
Fluorescence emission anisotropy based homo-FRET measurements probes the proximity of 239 fluorescently-tagged proteins at a molecular length scale ~ Forster"s radius, (~5 nm for the GFP 240 fluorophore ) on the living cell membrane, reporting molecular interactions 241 at a length scale ~10 times smaller than achievable resolution in STORM. Using this method we 242 identified regions of low and high anisotropy in the membrane of un-perturbed living cells in 243 four different cell types: COS-7 cells ( Fig. 2a , S3d, S3d"), CHO cells ( Fig. 3b, 3d ), MEFs ( Fig.  244 S3f, f") and MCF-7 ( Fig S3e, e" ), each of which has different properties. While CHO and MEFs 245 express endogenous CD44, COS-7 and MCF-7 cells have very low surface levels of endogenous 246 protein ( Fig S3g) , and both COS-7 and CHO cells do not synthesize a major ECM component, 247
HA, that can bind CD44 from the extracellular side (Shyjan et al., 1996; Yang et al., 2012) . The 248
regions of low anisotropy correspond to an enrichment of CD44-GFP molecules at < 5 nm inter-249 molecular distances, thus indicating the occurrence of nanometer scale encounters of CD44 250 molecules on the cell membrane at a steady state. These results corroborate the co-localization 251 observed by DC-SPT as well as spatially confined localizations observed in the cartography. 252 8 To ascertain the relationship between nano and meso-scale dynamic organization of CD44, we 253 expressed the SNAP-CD44-GFP construct in COS-7 cells to obtain fluorescence emission 254 anisotropy maps from the GFP tag on the SNAP-CD44-GFP, interleaved with single molecule 255 imaging data from the sub-saturation labeled SNAP tag, amenable for generating cartography. 256 We chose COS-7 cells since they exhibit low levels of CD44 at the cell surface and also upon 257 ensuring that these cells exhibit nano-clustering of ectopically expressed CD44-GFP ( Fig S3d,  258 S3d" and S3g) (Jiang et al., 2002; Yang et al., 2012) . We selected different anisotropy ROIs and 259
super-imposed the corresponding spatial coordinates of individual molecules integrated over 40 260 frames (20 frames preceding and 20 frames following the anisotropy image) ( Fig. 2b, 2c ). We 261 restricted our analysis to windows of 40 frames around an anisotropy image to reduce temporal 262 variations that might occur between the anisotropy and cartography (see Methods). We then 263 identified spatially restricted enriched localizations, termed "localization hotspots" on the 264 cartography maps and classified these "localization hotspots" according to the corresponding 265 anisotropy value (see experimental Methods and Fig. 2c , c". c"", 2d). A significantly higher 266 fraction of localization hotspots were localized to regions of low anisotropy and correspondingly 267 such localization hotspots were consistently depleted from the high anisotropy regions when 268 compared to randomly dispersed localizations ( Fig. 2e ). These data indicate that the meso-scale 269 regions observed on the cartography overlaps with the regions of increased nanoscale clustering 270 of the receptor. As a whole, our results reveal a multi scale organization of CD44 on the cell 271 membrane with the distribution of nanoscale clusters correlated to the meso-scale meshwork. 272
This motivated an exploration of the mechanism behind the formation of the nano-clusters of 273 CD44. 274
The extra-and intra-cellular domains of CD44 independently affect nanoclustering of 275 CD44 at the plasma membrane 276
To probe the mechanism(s) responsible for the organization of CD44 molecules at nanoscale 277 proximity, we examined both intensity dependence and spatial anisotropy distribution of various 278 mutants of CD44-GFP ( Fig. 3a , c, e; Table 2 ) for the description of the different constructs used) 279 expressed in HA deficient CHO cells, by fluorescence emission anisotropy based homo-FRET 280 microscopy. Fluorescence emission anisotropy of CD44-GFP was intensity dependent indicating 281 a concentration dependent change potentially due to: (a) protein-protein interactions, (b) 282 potential dilution by endogenous CD44, (c) combination of both (Fig. 3b ). The later possibility 283 was confirmed by using MCF-7 cells which have very low levels of cell surface CD44, where 284 fluorescence emission anisotropy of CD44GFP exhibited visibly lower intensity dependence 285 while at the high intensity range, it became concentration dependent ( Fig S3e, e" ). These 286 observations suggest that at the lower expression range of CD44-GFP in cells with significant 287 endogenous CD44, the intensity dependence of its anisotropy is a convolution of both, dilution 288 by endogenous unlabelled protein as well as concentration-dependent protein-protein 289
interactions. However, at higher levels of expression, protein-protein interactions and trivial 290 density dependent FRET may contribute to the intensity dependence of anisotropy. Consistent 291 9 with this, deletion of the ECD of CD44 (CD44TmICD-GFP) resulted in an increase in anisotropy 292 and reduced its intensity dependence ( Fig. 3a, b ), consistent with an attenuation of concentration 293 dependent interactions as compared to the full length receptor in CHO cells. While these cells do 294 not synthesize HA (Shyjan et al., 1996) , CD44 expressed on the surface of these cells can still 295 bind galectins (Lakshminarayan et al., 2014) and may have other protein-protein interactions 296 mediated by the ECD of the receptor. These interactions could lead to a concentration-dependent 297 clustering, which is reduced by deletion of the ECD. Thus, the prominent intensity dependence 298 and lower fluorescence emission anisotropy exhibited by the full length receptor as compared to 299 the mutant likely results from ECD interactions of CD44, impacting its nano-scale organization. membrane. The slope in the anisotropy plot is an indication of the extent of nanoclustering, i.e., 316
higher the slope, the greater is the extent of nanoclustering (Sharma et al., 2004) . Overall these 317 results indicate an inherent ability of CD44TmICD to nanocluster on the cell membrane, and the 318 extent of clustering in CD44 is also modulated by interactions in the extracellular milieu. 319
The findings described above led us to investigate the role of the ICD in CD44 nanoclustering. 320
For this, we measured the fluorescence emission anisotropy of the full-length receptor (CD44-321 GFP) and a CD44 mutant lacking only the ICD or cytoplasmic tail (CD44ECDTm-GFP) ( Fig.  322 3c). The results indicated that the full-length wild type protein is clustered to a greater extent 323 compared to the ICD truncated protein, as indicated by the lower anisotropy values obtained with 324 the full-length protein (Fig. 3d ). The truncated protein still retains a concentration-dependent 325 anisotropy, consistent with the possibility of passive interactions affecting its nano-clustering. 326
Similar increase in anisotropy values were obtained in COS-7 and MCF-7 cells transfected with 327 the same constructs ( Fig. S3e , e"), indicating that the results obtained in the CHO cells (S3d, d"), 328
were minimally affected by the endogenous, unlabeled CD44 population at the cell surface. 329
Consistent results were also obtained in MEF cells that secrete HA and express significant levels 330 10 of endogenous CD44, indicating that the disruption of nano-clustering due to loss of the ICD in 331 these cells is strong enough to manifest as significant increase in anisotropy, in-spite of the 332 presence of the polymeric ligand HA in the extra-cellular milieu as well as potential fluorophore 333 dilution due to co-clustering of labeled CD44 with endogenous unlabelled CD44 proteins (Fig 334 S3f, f"). 335
To further validate the clustering potential of the cytoplasmic domain, we deleted the entire ICD 336
in the CD44TmICD-GFP construct to create a transmembrane domain only protein (CD44Tm-337 GFP) ( Fig. 3e ). We found that the anisotropy of the resultant protein increased compared to the 338
CD44TmICD-GFP ( Fig. 3f ), consistent with the clustering potential of the ICD. Differences in 339 nanoclustering in the presence and absence of the ICD were further corroborated by comparative 340
photo-bleaching analysis of folate receptor (FR) tagged FR-CD44TmICD and the truncated FR-341
CD44Tm in CHO cells. We found that FR-CD44TmICD is clustered to a greater extent than FR-342 CD44Tm ( Fig. S3a , b, c), as indicated by a reduction in the slope of the "anisotropy vs. 343
normalized intensity" curve of the trans-membrane FR-CD44Tm as compared to the FR-344
CD44TmICD protein. 345
The results show that ECD and ICD independently affect CD44 nanoclustering. The ECD has a 346 greater impact in establishing passive interactions with partners on the cell membrane giving rise 347 to a strong intensity/ expression level dependent clustering of CD44 at the cell surface. Even 348 though, the transmembrane region appears to have small but detectable ability to nanocluster the 349 receptor (due to a minor residual slope in the photo-bleaching analysis), it is the ICD that 350 strongly enhances the nano-clustering ability of CD44. 351
CD44 nanoclustering correlates with its tethering strength on the plasma membrane 352
To further understand how CD44 nanoclustering affects the lateral diffusion of the receptor we 353 carried out SPT at sub-saturation labeling conditions (~30nM) on the full length SNAP-CD44-354 GFP (Supp. Video 3 and 4), and the truncated SNAP-CD44TmICD-GFP (Supp. Video 5) and 355 SNAP-CD44Tm-GFP (Supp. Video 6) constructs in MEFs cells ( Fig. 4a ). These cells are also 356 ideally suited for testing the effect of the extracellular influence of HA which may affect CD44 357 dynamics at the membrane. Individual trajectories for the three different constructs were 358 obtained ( Fig. 4b, Fig S4a) and the fraction of mobile trajectories were quantified ( Fig. 4c ; 359 calculated from escape probability of molecules in MEFs; Fig. S4c , Fig. S4d are in COS-7 cells; 360 Table 1 ); trajectories with diffusion coefficients < 0.02 m 2 /s were defined as immobile. Deletion 361 of the ECD increased the fraction of mobile receptors as compared to the full length protein ( Fig.  362 4c), an effect that became even more pronounced with further removal of the ICD. Moreover, 363
analysis of the transient confinement areas showed tighter regions of confinement for the SNAP-364
CD44-GFP and SNAP-CD44TmICD-GFP as compared to the SNAP-CD44Tm-GFP mutant 365 ( Fig. 4d, Fig. S4e and Table 1 ) and the overall diffusion coefficients were significantly slower 366 for the full length receptor (Fig. 4e, Table1 ). The results indicate that interactions by the ECD 367 ensure slower diffusion and the cytoplasmic domain ensures both slower diffusion as well as 368 11 tighter confinement of CD44, at the plasma membrane. The difference between the wild type 369 protein and mutant lacking ECD is more pronounced in MEFs compared to COS-7 cells, 370 potentially owing to the presence of HA in the matrix of MEFs, consistent with the observations 371 made in the earlier study by Freeman et al (2018) . 372
To further elucidate the consequences of the differences in tethering strength of the wild type and 373 the transmembrane mutant as observed in the single color SPT experiments, analysis of co-374 localization events and quantification of inter-particle distance using DC-SPT, on both the full 375 length receptor and the transmembrane mutant lacking both the ECD and ICD, further 376 corroborated that interactions by these domains can affect the co-localization propensity of the 377 protein ( Fig. S2e , S2e", S2f, S2f"). Together with the anisotropy data ( Fig. 3, Fig. S3 ) these 378 results point to a strong correlation between the degree of CD44 nanoclustering and its tethering 379 at the cell membrane: the full length receptor exhibits the strongest nanoclustering (as derived 380 from the fluorescence anisotropy analysis) and tighter confinement and/or tethering at the cell 381 membrane. On the other hand, deletion of both the ECD and cytoplasmic tail reduces 382 nanoclustering and increases the mobility of the receptor, with reduced tethering at the 383 membrane (Table 1) . 384
Meso-scale organization of CD44 is influenced by its cytoplasmic interactions 385
Since CD44 nanoclustering is spatially correlated to its meso-scale distribution, we then tested 386
whether alteration in the nanoclustering potential of the different mutants correlates with the 387 manifestation of any defects in their meso-scale organization. SNAP-CD44-GFP, SNAP-388
CD44TmICD-GFP and SNAP-CD44Tm-GFP constructs were expressed in MEFs, exogenously 389 labeled and imaged at a temporal resolution of 10 fps as described earlier, in order to generate 390 cartography of the different constructs ( Fig. 5a ). Visual inspection of the cartography already 391
show more tightly bound localizations in the case of the full length receptor and a larger number 392 of dispersed localizations for the SNAP-CD44Tm-GFP mutant. Comparison of the confinement 393 areas revealed similar confinement strength for the full length receptor (0.028±0.013) µm 2 and 394 the mutant lacking the ECD (0.027±0.013) µm 2 (Fig. 5b, c) , indicating that the ECD does not 395 play a major role on the meso-scale organization of the receptor. Consistent with these results, 396
we did not find significant differences on the fractional number of localizations found on the 397 meshwork between the full length receptor (SNAP-CD44-GFP) and the mutant lacking the 398 ECD(SNAP-CD44TmICD-GFP) ( Fig. 5d ). In contrast, the mutant lacking the cytoplasmic tail as 399 well as the ECD (SNAP-CD44Tm-GFP) exhibited larger confinement areas (0.032±0.013) µm 2 400 (Fig. 5b ,c) and a significantly lower number of localizations associated to the meshwork as 401 compared to the full length receptor (SNAP-CD44-GFP) or the mutant lacking the ECD alone 402
(SNAP-CD44TmICD-GFP) ( Fig. 5d ). This result strengthens the observation from SPT, that, the 403 cytoplasmic domain mediates tight confinement of the receptor at the plasma membrane. 404
We also performed similar experiments in HA deficient COS-7 cells and obtained comparable 405 results ( Fig. S5 ). Since the confinement areas and number of localizations associated to the 12 meshwork result from multiple re-visiting and/or arrest of the receptor to the underlying 407 meshwork, these results strongly suggest that the mutant lacking both the ECD and the 408 cytoplasmic tail (SNAP-CD44Tm-GFP) compared to the mutant lacking the ECD alone (SNAP-409 CD44TmICD-GFP), is less tethered to the meshwork. Of note, we also performed simulations of 410 random localizations and overlaid them to an experimentally obtained meshwork to obtain a 411 "basal" fraction of localizations that are stochastically found over the meshwork (labeled as 412 random in Fig. 5d ). Comparison with the in-silico generated data revealed that even in the 413 absence of the cytoplasmic tail, the SNAP-CD44Tm-GFP mobility is somewhat constrained by 414 this underlying mesh albeit to a lower extent than the cytoplasmic domain containing 415 counterparts. Therefore, our results strengthen the arguments for cytoplasmic interactions as a 416 major player in orchestrating the nano-and meso-scale organization of CD44. on blebs of Jas-treated cells was higher compared to the flat membranes of untreated cells ( Fig.  437 6a). This also holds true for the CD44TmICD-GFP mutant, which is devoid of the extra-cellular 438 domain, (Fig. S6a ). These observations strongly suggest that the interactions with a dynamic 439 actin cortex (absent in blebs), is a key determinant of nano-clustering of the protein at the cell 440 surface. Moreover, treatment of cells with a cocktail of inhibitors (ML-7 and Y27632/ H11152) 441 (Totsukawa et al., 2000; Saha et al., 2015) that inhibit myosin regulatory light chain 442 phosphorylation of class II non-muscle myosins, thereby inactivating them, resulted in a loss of 443 nano-clustering of the CD44-GFP, as indicated by the increase in emission anisotropy of CD44-444 GFP compared to control cells ( Fig. 6b and Fig. S6c : where similar results are also obtained for 445 13 the ECD deleted mutant CD44TmICD-GFP). This result indicates that a dynamic actomyosin-446 driven mechanism facilitates nanoclustering of CD44 at the plasma membrane. 447 CD44 has been shown to associate with the actin cytoskeleton binding proteins, ezrin and 448
ankyrin (Bourguignon, 2008; Mrass et al., 2008) while the last 15 amino acids of CD44 confers 449 it the ability to interact with talin1, vinnexin, LMO1 and IQGAP1, all of which are potential 450
interactors of the actin cytoskeleton as well as multiple other proteins (Skandalis et al., 2010) . To 451 understand whether CD44 is associated with any particular adaptor protein that confers it with a 452 cytoskeleton-sensitive clustering, we used two strategies. One where we perturbed the 453 cytoskeletal coupling of CD44 using a small molecule inhibitor of ezrin function, and the other 454 using site directed mutagenesis to specifically generate mutants that would be deficient in one or 455 more actin binding domain: CD44ΔERM (deletion of ezrin binding site), CD44ΔAnk (deletion 456 of ankyrin binding site), CD44ΔEA (both the ezrin and ankyrin binding sites are deleted) and 457 CD44Δ15 (deletion of the last 15 amino acids), tagged to GFP on the cytoplasmic side (see Table  458 2; Fig. 6d ). 459
When we inhibit ezrin function using the small molecule inhibitor of ezrin (NSC668394), it 460
resulted in an increase of the fluorescence emission anisotropy of CD44 (Fig 6c) , indicating the 461 importance of ezrin function in CD44 nanoclustering. Similar effects were also observed for the 462
CD44TmICD-GFP mutant (Fig. S6b) . However, when we expressed the various truncation 463 mutants in cells, homo-FRET based anisotropy measurements revealed minimal difference in 464 steady state anisotropy distribution between the full length receptor and the mutant proteins in 465
MEFs, CHO cells ( Fig. S7a, S7a ", respectively), and validated in COS-7 and MCF-7 cells ( Fig.  466 S7a"" and Fig. 6e ) to ensure that smaller differences in the nano-clustering of the mutants 467 compared to the wild type protein were also detected. This suggests that there are redundant 468 ways of the mutant protein to associate with the actin-myosin machinery, and it is only when the 469 entire cytoplasmic tail is deleted that this engagement is lost and nanoclustering abrogated. 470
Meso-scale organization and turnover of CD44 is regulated by formin-nucleated actin 471
dynamics 472
The diffusion of CD44 has been suggested to be sensitive to formin-generated actin filaments 473 (Freeman et al., 2018 ) since upregulation of Rho activity (which in turn regulates formin 474 activity), influences the diffusion behavior of CD44. In order to test which actin nucleation 475 machinery is responsible for CD44 nanoclustering, we inhibited formin and Arp2/3 mediated 476 actin filament-nucleation activity in CHO cells using small molecule inhibitors, SMI-FH2 and 477 CK-666 respectively. CD44 nanoclustering was much more sensitive to inhibition of formin 478 nucleation (Fig 7a) compared to Arp2/3 perturbation ( Fig S6d) . These results indicate that 479
formin-nucleated F-actin filaments not only influence the mobility of the receptor as reported 480
previously (Freeman et al 2018) , but importantly, also promotes its nanoclustering, and as a 481
consequence may also influence its meso-scale organization. 482
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To ascertain the effect of formin perturbation on the meso-scale meshwork we conducted high 483 density single particle imaging of SNAP-CD44-GFP, as described before, in COS-7 cells where 484
we earlier elucidated the co-existence of nanoclusters with meso-scale domains. Our results 485
indicate that meso-scale meshwork of CD44 is perturbed in formin perturbed cells. Although the 486 confinement area distribution is not significantly altered in formin perturbed cells compared to 487 DMSO treated cells (Fig 7e) , the fraction of localization events detected along the meshwork in 488
formin-treated cells (Fig 7b, 7c, 7d) is significantly reduced which is reminiscent of the 489 distribution of the SNAP-CD44Tm-GFP that lacks both the cytoplasmic and exoplasmic 490 domains, and is also defective in nanoclustering. have used non-invasive methods to study nanoclustering and dynamics of CD44 using live-cell 504 compatible techniques such as homo-FRET imaging and SPT methods to generate spatial maps 505 of the protein at the plasma membrane at the nano and meso-scale. Previous studies have 506 attempted to understand CD44 organization by multiple approaches, from characterizing graded 507 distribution of GP-80 in motile fibroblasts (Ishihara et al., 1988) to super-resolution imaging 508
wherein CD44 was found clustered at the cell membrane using STORM, and extracellular 509 galectins were found responsible for their nanoclustering (Lakshminarayan et al., 2014) . In 510
another study, the ICD was implicated in supporting mobile clusters at the membrane based on 511 hetero-FRET measurements, brightness number analysis, and biochemical cross-linking studies 512 in mammalian cells (Wang et al., 2014) . In a more recent study, SPT on CD44 revealed that 513 CD44 diffusion is confined to pickets and fences, and may indeed determine the corralling of 514
other membrane proteins such as the FcγRIIA (Freeman et al., 2018) . 515
The results reported here provide a comprehensive understanding of the organization of CD44 by 516
combining the determination of distribution and diffusion behavior of the protein across varying 517 spatial scales at the plasma membrane of living cells. Cartography analysis (to probe the meso-518 scale organization of the protein) and its correlation with anisotropy measurements (reporting on 519 15 nanoclustering), for the first time, bridges the gap between SPT based diffusion studies and the 520 steady-state nanocluster detection method of homo-FRET. Complemented with the cartography 521 analysis of single particle localizations and nanocluster distribution in STORM images, the 522 combination of these approaches enabled us to build a hierarchical framework for the 523 organization of a type-1 transmembrane protein at the plasma membrane (Fig. 8 ). We find that 524 actomyosin templated nano-clusters of CD44 spatially enrich the receptors along a meso-scopic 525 meshwork pattern, laid down by frequent localizations of the protein at the plasma membrane. 526
These To ascertain whether actin dynamics-driven mechanisms could template the nano and the meso-542 scale organization of CD44, we investigated the role of formin-nucleation based actin 543 polymerization. As nanoclustering of CD44 is lost upon formin perturbation, we also observe 544 concomitant lowering of the CD44 localizations detected on the underlying meshwork. This is 545 reminiscent of the transmembrane domain of CD44 (CD44Tm-GFP) that cannot bind to actin. 546
Additionally the meso-scale domain turnover is remarkably slowed down. This is consistent with 547 previous studies that implicate the role of formin activity in the turnover of the underlying 548 cortical actin meshwork (Fritzsche et al., 2013) . These findings lead us to an important 549 conclusion that meso-scale meshwork of CD44 arises as a consequence of the association of 550 CD44 with the underlying actin cortex, and it is likely that the formin-mediated actin nucleation 551 and turnover of the cortical actin meshwork contributes to the pool of dynamic actin necessary to 552 template the nano-clustering of the protein as proposed previously (Chaudhuri et al., 2011) . This 553 also provides a natural explanation for the enrichment of CD44 nano-clusters along the meso-554
scale mesh which appears to mirror the cortical actin cytoskeleton mesh. At this time it should be 555
noted that further experiments are necessary to prove the relationship between the cortical actin 556 meshwork and the mesoscale meshwork of CD44. 557 16 Nano-clustering of CD44 is also abrogated upon removal of the cytoplasmic domain of CD44 558 (in Fig. 3f ). This finding is further supported by cytoskeletal sensitivity of nanoclustering of the 559 protein. The sensitivity of CD44 nanoclustering particularly to formin and ezrin perturbation is 560 well aligned with the changes in CD44 diffusion upon similar perturbations, observed in SPT 561
recently (Freeman et al., 2018) . In that study, formin and ezrin mediated picketing function of 562 CD44 had been implicated in regulating FcγRIIA dynamics and function in phagocytosis. 563
Involvement of similar molecular machinery in nanoclustering as reported here strongly suggest 564 that the picketed CD44 receptors are nanoclustered by the underlying dynamic actin filaments 565 generated as a consequence of formin-driven actin polymerization, and driven by myosin 566
activity. 567
In this study we have attempted to gain insights into specific interactions mediated by the ECD 568
and ICD of CD44 in determining its diffusion and organization at the cell membrane. We find a 569 strong correlation between nano-clustering potential and the tethering strength for the different 570 truncation mutants of CD44 at the cell surface. Although removal of the ECD has little effect on 571 the confinement radius of CD44, removal of the ICD from the mutant already lacking the ECD 572 (CD44Tm-GFP) has a stronger effect on its confinement as well as localization on the meshwork 573 at the mesoscale (Fig. 4d, Fig. 5b and Fig 5d) . The ICD thus emerges as a stronger determinant 574 for tighter confinement of CD44 at the membrane and as the domain that augments the registry 575 of the mesoscale distribution with a meshwork pattern. Together with the result suggesting that 576 the ECD deleted mutant still exhibits acto-myosin sensitive nano-clustering ( Fig. S6) , we believe 577 that the meso-scale organization is templated on an underlying cortical actin mesh and serve to 578 orchestrate the emergence of transient nanoclusters in its proximity. 579
The meshwork pattern that we observe may have a larger significance, since SNAP-CD44Tm-580 GFP and SNAP-CD59-GPI, proteins that are not directly coupled to actin, also exhibit 581 meshwork-like appearance at the meso-scale. Spatially restricted diffusion patterns of the 582
FcγRIIA which cannot interact with actin but associates with a CD44 defined mesh (Freeman et  583 al., 2018), also exhibit non-random distribution at the meso-scale. This is likely to be mediated 584 via lateral association of their membrane anchoring domains with actin-binding membrane 585 pickets, or confinement within membrane compartments demarcated by picketing proteins. 586
These data supports the picture of a tightly coupled actin-membrane composite where even 587 proteins that do not couple to actin are impacted by the patterning of the underlying meshwork. 588
With further sophistication of imaging and analysis methods, the correlation of cartography and 589 anisotropy can be studied with higher temporal resolution. While our study is currently restricted 590 to cytoskeletal interactions of CD44, there remains scope for detailed analysis of the influence of enabling the cells to spatio-temporally regulate receptor organization. 608
Materials and Methods 609
Plasmids, cell lines and antibodies 610 CD44-GFP, CD44ECDTm-GFP, CD44TmICD-GFP cloned in p-EGFP N1 vector were gifts 611 from Rob Parton in University of Queensland Australia. CD44∆ERM-GFP, CD44∆Ank-GFP, 612
CD44∆EA-GFP and CD44∆15-GFP constructs were generated by site directed mutagenesis 613 using CD44-GFP as the template in the same backbone. SNAP and FR tagged CD44 constructs 614 were designed and cloned into a lentiviral pHR transfer backbone and cloned between MluI and 615
BamHI/ NotI sites using Gibson Assembly method. All constructs were sequenced and verified 616 using appropriate primers (Table 2) . SNAP CD59 GPI was obtained from Addgene (Addgene 617 #50374). Sequences and primer sequences will be made available upon request. Cell line 618 expressing FR-CD44TmICD and FR-CD44Tm were generated by transfecting and selecting 619 transfected cells by staining for FR expressing cells with anti folate receptor MOV19 antibody 620 using fluorescence assisted cell sorting (FACS). CHO (Chinese Hamster Ovary) cells were 621 cultured in Ham"s F12 media (HiMedia, Mumbai, India); MCF-7, COS-7 (African green monkey 622 kidney cells) and MEFs (Mouse embryonic fibroblasts) were cultured in DMEM High-Glucose 623 (Gibco TM , 21720-024). The media was supplemented with fetal bovine serum (FBS) (Gibco TM , 624 16000044) and a cocktail of Penicillin, Streptomycin, L-Glutamine (PSG) (Sigma, G1146-625 100ml). MEFS, MCF-7, COS-7 or CHO cells were seeded sparsely and grown for 2 days on 626 35mm cell culture dishes fitted with a glass bottom coverslip for imaging. Cells were transfected 627 with the different CD44 plasmids, 12-16 hrs before imaging, using Fugene® 6 Transfection 628 reagent (E2692, Promega). 629
Antibody labeling and expression level estimation 630
Endogenous and over-expressed CD44 on the cell surface in the different cell lines, plated on 631 cover-slip bottom 35mm dishes, after 2 days of plating, were labeled using IM7 antibody (14-632 0441-82, eBioscience™) on ice for 1hour followed by incubation with anti-Rat secondary 633
We repeat this process many times (100 times) to get more robust information on the simulated 670 NND. 671
Live cell imaging for fluorescence emission anisotropy and cartography experiments 672
All live imaging were interchangeably carried out, based on requirement, in one of the following 673 set-ups: (1) confocal Spinning disk microscope (for imaging blebs in 3-D) equipped with a 674
Yokogawa CSU-22 unit and 100x, 
Fluorescence Emission Anisotropy measurements 686
We measure emission anisotropy of our protein of interest by labeling them with GFP or PLB, 687 both of which are suitable for fluroscence anisotropy measurement to report on Homo-688
FRET (Sinnecker et al., 2005; Ghosh et al., 2012) . Cells were imaged in HEPES buffer 689 containing 2mg/ml glucose on an inverted TIRF microscope using polarized excitation light 690 source. Emission was split into orthogonal polarization components using a polarization beam 691 splitter and collected simultaneously by two EM CCD cameras to detect polarization of emitted 692 fluorescence. Fluorescence emission anisotropy measurements were interchangeably carried-out, 693 based on requirement, in one of the dual camera equipped imaging systems described before. 694
Steady state fluorescence emission anisotropy was calculated as elaborated in Ghosh et al, 695
2012.The absolute value of anisotropy is a function of the effective numerical aperture of the 696 imaging system . Since the effective numerical aperture is determined by 697 combinatorial effect of individual lenses in the light path of the microscope system, the absolute 698 anisotropy value of the same protein varied from one system to another. Also, since the different 699 experiments reported here have been conducted over several years, absolute values of anisotropy 700 for the same constructs would have varied based on the status of the optics in a given microscope 701 system. Hence, the measurements typically contained an internal control for sensitivity of 702 anisotropy change, which was generally measurement of the extent of anisotropy change 703 between the wild type CD44-GFP and CD44ECDTm-GFP (or CD44-TmICD-GFP and CD44-704
Tm-GFP). 705
Fluorescence anisotropy image analysis 706 20 Fluorescence emission anisotropy of GFP and PLB tagged proteins was calculated using images 707 from the two cameras which were individually background corrected and the perpendicular 708 image G-Factor corrected to rectify effects of inherent polarization bias of 709 the imaging system using imaging software: ImageJ or Metamorph TM . 20X20 or 30X30 pixel 710
ROIs were drawn to sample the cell membrane and anisotropy values from the specified regions 711
were obtained. Anisotropy maps were generated after aligning the images from the two cameras 712 and calculating pixel-wise anisotropy value as described in (Ghosh et al., 2012) , using a custom 713 code written in MATLAB (The Mathworks, Natick, MA). Code will be available upon request. 714
For data plotting, intensity was binned for appropriate intensity range and each data point 715 represents mean and error bar represents standard deviation of anisotropy corresponding to the 716 intensity bin. We ensured that data comparisons were done between conditions across similar 717 intensity range. Intensity range chosen was decided based on different microscope properties, 718 especially the bit depth and noise levels of the cameras. For representation calculated anisotropy 719 values from the intensity images of the parallel and perpendicular cameras have been plotted on 720 the Y axis as a function of the expression level, which is described as "Total intensity in arbitrary 721
units" on the X axis. Here the total intensity is computed as a summation of the intensity 722 recorded in the parallel image and two times the intensity recoded in the perpendicular image as 723 described in Ghosh et al., 2012. 724 Labeling of SNAP tagged-CD44 membrane receptors 725 MEFS, COS-7 or CHO cells were seeded sparsely and grown for 2 days on 35mm cell culture 726 dishes fitted with a glass coverslip at the bottom. Cells were transfected with the different SNAP 727 tagged CD44 plasmids 16-18hrs prior to the experiment using Fugene® 6 Transfection reagent. 728
Labeling were done with SNAP tag specific photo-stable fluorescent probes SNAP alexa 546, 729 SNAP-surface® 549 ( ex/ em: 560/575 nm, purchased from NEB, USA) or JF646-SNAP ligand 730 ( ex/ em: 646/664 nm) by incubating for 10 min at 37° C using dilution of 30 nM (for single 731 particle experiments) and 50-100nM (for cartography experiments) with 10% serum containing 732 F12 medium and then washed extensively with glucose-M1 buffer (150 mM NaCl, 5 mM KCl, 1 733 mM CaCl 2 , 1 mM MgCl 2 , 20 mM HEPES, pH 7.3; supplemented with D-glucose at 2 mg/ml) to 734 get rid of free dyes. The dyes were chosen to ensure they are spectrally different from GFP with 735 minimum bleed-through. Dual color labeling was done with JF549-cpSNAP ligand ( ex/ em: 736 549/571 nm) and JF646-SNAP ligand ( ex/ em: 646/664 nm) fluorophores by incubating for 10 737 min at 37° C with F12 serum medium at a mixed concentrations of 50 nM and 150 nM for the 738 respective dyes. Singly or dually labeled cells were subsequently washed and imaged at 37° C in 739 presence of HEPES buffer containing 2mg/ml glucose. (1) 760 Where, Δt is the time increment, N is the number of frames of the trajectory, n is the number of 761 time increments, and x and y represent the particle coordinates. Then, the microscopic diffusion 762 coefficients (D 2-5 ) of individual trajectories were calculated through a linear fit performed at 763 short time lags (n = 2-5) using the equation 764 +
(2) 765
Where, the MSD intercept at zero time lag, is associated to the localization precision. 766
Mobile fractions and temporal confinement detection 767
Temporal confinement or Temporary Arrest of Lateral diffusion (TALL) were analyzed defining 768 parameters of detection circular radius and threshold residence time by using the algorithm 769 developed by Sahl et al. (Sahl et al., 2010) . Theoretically, simulated randomly diffusive 770 trajectories show false TALL of ~5% of total trajectory lengths. Therefore, the detection of 771 circular radius was set, based on calculating average diffusion coefficient (0.3 µm 2 /sec) of 772 mobile fractions of CD44 and probability of temporal confinement < 5% during Brownian 773 motion within, 10 frames of 16.7 ms exposure. In escape probability method, the probability 774 P(r,t) that a particle diffusing with the diffusion coefficient D, remains confined within the circle 775 of radius r and the time interval t can be expressed as: 776 777 P(r,t) = 1-exp (3) 778 779 780 22 Data represented is pooled from two different replicates, which individually exhibited similar 781 trend. Choice of cells from which data has been represented was made based on optimal labeling 782 density and flatness of membrane morphology since imaging has been done in the TIRF mode. 783
Analysis was extended to determine the discrete probability density P(Δr 2 ,Δt) by cumulative 784 square displacements, which will represent a sequence of spatial positions (t) separated by 785 variable time lags Δt. The cumulative probability P(Δr 2 ,Δt) is defined by equation (3), where α is 786 the time fraction of characteristic free diffusion with coefficient D, 787 corresponds to the trapping radius of the particle and r is the experimental localization 788 error (Sahl et al., 2010) . 789 790 P(Δr 2 ,Δt) = (4) 791 Probability density P(Δr 2 ,Δt) observing for long steps were corrected with overlap integral of two 792 circles with radius R by P track (Δr,R) as described in (Sahl et al. 2010 ). Here we computed 793 P(Δr 2 ,Δt) with increments Δ(Δt)= 16.7 ms and Δ(Δr 2 )= 50 nm 2 . 794
795
Dual color trajectory analysis 796
Inter-molecular separation distance between CD44 molecules labeled with JF549 (green) and 797 JF646 (red) dyes was determined from the centroid locations of their dual color pair trajectories 798 within boundaries ranging from 25nm to 500nm radius using C++ based computer program 799
WinCol (Koyama-Honda et al., 2005) . Measurements were done with excitation lasers of 561 800 nm and 642 nm of power density ~ 2.43 kW/cm 2 and ~ 4.06 kW/cm 2 respectively, and detecting 801 signals simultaneously by two cameras after splitting emission signals using a 561/647 dichroic 802 mirror (Chroma Technology, 625DCXR) with corresponding emission band pass filters 593 ± 43 803 nm and 685 ± 40 nm. Localization accuracy of JF549 and JF646 dyes are ± 29 nm and ± 33 nm, 804
respectively while pixel size at image plane is 54 nm. Videos of the flipped green channel were 805 used to generate randomly encountered co-localizations. Co-localization was defined when 806 intermolecular distances were 200 nm for a minimum of 3 consecutive frames. The 807 displacement between co-localized frames was then calculated. The displacement and step size 808 distribution were thereafter compared with transiently confined frames, trajectories of mobile 809 fractions and all frames. Photo-bleaching analysis from individual spots of fluorophores did not 810 reveal any significant bleaching in the timescale reported for the lifetime of co-localization of the 811 protein ( Fig. S2d ). Data represented is pooled from two different replicates, which individually 812 exhibited similar trend. Choice of cells from which data has been represented was made based on 813 optimal labeling density and flatness of membrane morphology since imaging has been done in 814 23 TIRF mode. Total number of trajectories analyzed: SNAP-CD44-GFP = 27856, SNAP-815
CD44Tm-GFP= 7516. 816
Generation of cartography 817
Cartography maps were generated from movies (1000 frames, 10 fps) recorded in TIRF mode as 818 explained in the previous section, using sub-saturation labeling conditions (50nM-100nM). 819
Identification of single molecules essentially corresponds to the identification of individual 820 fluorescent spots at each given time frame. For this, we apply two criteria: First, the spots should 821 have a size that is limited by diffraction, i.e. this corresponds to the PFS of the microscope. 822
Second: the intensity of each spot should be higher than the surrounding background. The 823 localization precision of each individual spot is given by the number of counts on that spot, 824
which in the case of our videos corresponds to ~ 20nm. The spatial (x,y) coordinates of the 825 labeled membrane receptors (for each of the constructs investigated) were thus retrieved from 826 each frame using a MATLAB routine based on Crocker (1996) (Crocker and Grier, 1996) , with 827 sub-pixel accuracy. Finally, all the receptor coordinates of all frames were collapsed into a single 828 image, the so-called the cartography map. With this approach, not only one can access the 829 nanoscale organization of the labeled receptor, but also the mesoscale organization without the 830 need of reconnecting trajectories (Torreno-pina et al., 2014). Cartography maps were also 831 generated in different time windows, typically by integrating the localizations over 40 (Fig. 2) or 832 20 frames (Fig. 1e, Fig. 5 ). Experiment to obtain cartography maps of the receptor and the 833 mutants have been conducted at least twice in MEFs and once in COS-7 cells. Formin 834 perturbation and mesoscale organization imaging has been done at least twice and the 835 represented experiment here is done in COS-7 cells. SNAP-CD44-GFP cartography in CHO 836 cells and GPI mesoscale organization experiment has been conducted once. 837
Analysis of the cartography maps 838
Since the cartography maps are generated from localizations obtained as a function of time, their 839 evolution is dynamic. Therefore, we restricted our analysis to time windows of 2s by collapsing 840 all the localizations from sequential 20 frames, into a single, less crowded, cartography image. 841
Confinement areas were identified using the MATLAB routine DBSCAN (Density-Based 842
Spatial Clustering of Applications with Noise) with settings (epsilon = 1.0 and MinPts = 10). 843
Finally, we defined the confinement area as the area occupied by a cluster of localizations. 844
For the time-evolution analysis of the meso-scale domains, the time windows correspond to 2 845 seconds, i.e. 20 frames. Initially clusters are defined at the time window 0, (frames within f0 and 846 f0+19). Then, since we slide the window through the cartography map, at each time window we 847 move 100 ms in the cartography. 848
Analysis of the interleaved anisotropy and cartography maps 849 24
In order to compare the cartography maps with the anisotropy images, we performed interleaved 850 anisotropy imaging together with high density SPT, generating one anisotropy image before 851 starting SPT, a second anisotropy at frame 500 of the SPT recording and a final one once the 852 SPT recording was finished (after frame 1000). To reduce temporal variations on both the 853 anisotropy and cartography maps, we focused on anisotropy images at the corresponding frame 854 500 of the SPT movie. The anisotropy image was divided into small ROIs (22-by-22 pixels, with 855 a pixel size of 106nm). This was done in order to select only those regions were the plasma 856 membrane is completely flat and therefore the anisotropy arises exclusively from the lateral 857 distribution of the labeled receptors. In addition to this, for each ROI, we classified each pixel of 858 the anisotropy map into 3 three groups: low anisotropy (Low A), median anisotropy (Medium A) 859
and high anisotropy (High A). 860
We then took the localizations between frames 480 and 520 of the SPT movie and generated a 861 cartography map for each of the ROIs. We identified the clusters of localizations using the 862 MATLAB routine DBSCAN with settings (epsilon = 1.0 and MinPts = 10). With the 863 localizations belonging to clusters, we assigned to each of them an anisotropy value 864 corresponding to their location in the anisotropy ROI and classified them within the three groups. 865
Simultaneously, we randomly distributed the same number of localizations on the anisotropy 866
ROIs and also assigned their corresponding anisotropy value and posterior 867 classification. Comparative anisotropy-cartography analysis has been done from an experiment 868
with COS-7 cells where localization and GFP based FRET information was obtained using dual 869 cameras at specific intervals during acquisition of single molecule localization time series of the 870 SNAP tag fluorophore. 871
Statistical Analysis 872
Differences between anisotropy distributions between control and treatment were tested using 873 Figure 6 : CD44 nanoclustering is regulated by the underlying actomyosin machinery. Total intensity and anisotropy images of cells expressing CD44-GFP (a-c) expressed in CHO cells, either untreated or treated with actin polymerization stabilizer, Jasplakinolide (a; Jas; 14 µM, 15 min; Con (n) = 10 elds, Treatment (n) = 22 elds), Myosin inhibition cocktail (b; MLY 20µM; 60 min; Con (n) = 20 elds, Treatment (n) = 26 elds), Ezrin inhibitor (c; 25µM; 60 min, Con (n) = 16 elds, Treatment (n) = 11 elds),. Graphs show anisotropy values plotted against intensity collected from regions from the cells as detailed in experimental methods. In all conditions treatment with the indicated inhibitors show a signi cant di erence in the recorded values of anisotropy (p< 10-5), Di erence between distributions has been tested for signi cance by Mann-Whitney tests. The data is from one representative experiment. Each experiment was conducted at least twice with similar results. (d) Schematic of CD44 and di erent deletion mutants for ezrin, ankyrin and last 15 amino acids of the tail with the names of the constructs indicated next to its diagram. (e) Plot shows intensity versus anisotropy distributions of the CD44 mutants in MCF-7 cells which exhibit low surface levels of CD44. (Distribution of anisotropy values were tested for signi cance using Mann-Whitney test and p<10-120 was obtained for CD44-GFP and CD44ECDTm-GFP; CD44-GFP (n) = 19 elds, CD44-ECDTm-GFP (n) = 15 elds, CD44-∆15GFP (n) = 16 elds, CD44-∆ERM-GFP(n) = 13 elds, CD44-∆EA-GFP (n) = 16 elds, CD44-∆Ank-GFP (n) = 17 elds). CD44TmICD-GFP Extra-cellular domain truncated CD44 tagged with GFP at the C-terminus pEGFP -N1 SNAP-CD44TmICD-GFP Extra-cellular domain truncated CD44 tagged with SNAP at N-terminus, GFP at the C-terminus 
